Ionizing irradiation damage to the vasculature results in an increase in procoagulant activity of endothelial cells, including elevated von Willebrand factor (vwf) secretion. We investigated the mechanism of irradiation induction of vWf release and demonstrated that vWf mRNA levels were increased when either human or bovine endothelial cells were exposed to 20 Gy irradiation. This response to irradiation was independent of de novo protein synthesis, but required new transcription. Nuclear run-on experiments indicated that increased vwf transcriptional activity was partly responsible for the higher levels of the mRNA accumulation. Transfection analyses with plasmids in which a human ONIZING IRRADIATION affects living organisms rang-I ing from prokaryotes to higher eukaryotes, which have developed various types of molecular mechanisms to protect against irradiation damage. One such mechanism involves delays in the G1 and G2 phases of the cell cycle, which presumably allow DNA repair before mitosis.' In yeast, genes that delay cell-cycle progression have been identified.z.3 Similar mechanisms have also been developed in cells of higher eukaryotic organisms: Specifically, repression or activation of cyclins and their associated kinases that determine cell-cycle progression occur in response to irradiation.
I ing from prokaryotes to higher eukaryotes, which have developed various types of molecular mechanisms to protect against irradiation damage. One such mechanism involves delays in the G1 and G2 phases of the cell cycle, which presumably allow DNA repair before mitosis.' In yeast, genes that delay cell-cycle progression have been identified.z.3 Similar mechanisms have also been developed in cells of higher eukaryotic organisms: Specifically, repression or activation of cyclins and their associated kinases that determine cell-cycle progression occur in response to irradiation. [5] [6] [7] Although all eukaryotic cells may share cell-cycle responses to irradiation, higher eukaryotes, which consist of cells with specialized functions, require more complex responses. A significant body of evidence demonstrates that expression of cytokines, including interleukin (1L)-1 ,* IL-6,9
tumor growth factor-/3 (TGF-@),lo fibroblast growth factor (FGF), and tumor necrosis factor-a (TNF-a)," are upregulated in irradiated cell^.'^*'^ The increased expression of these cytokines may provoke a response in neighboring cells and tissues, as well as in the primary irradiated cells.
The expression of a number of genes, including egr-1,I4 c-fos, c-jun, jun-B,I5 P53,I6*l7 and NF-kB,I8 that code for transcription factors has also been documented to occur in response to irradiation. Irradiation induction of the tPA gene is mediated through binding of an inducible factor to x-rayresponsive element (XRE) elements on the promoter of the tPA gene." The increased activity of these transcription factors activates the expression of other downstream genes, including cytokines, thus developing a cascade of events that mediate tissue and organ responses to irradiation damage. Despite knowledge of the effects of irradiation on mammalian cells, there has been little investigation of the molecular mechanism of the irradiation response in specialized cells within specific tissues or organs.
The use of irradiation therapy in the treatment of many types of cancer uniformly affects the vasculature. Irradiation damage to the vasculature has been well documented and results in a decrease in the anticoagulant and increase in the procoagulant activity of endothelial cells.20-22 A decrease in the release of plasminogen activator from irradiated endothelial cells has been reported, although intracellular accumulation can occur. 22 Increases in the release of thrombogrowth hormone structural gene was under the control of the endothelial-cell-specific vwf promoter demonstrated that irradiation increased promoter activity. Deletion analyses demonstrated that sequences necessary for irradiation induction of the promoter activity were located within the 112-bp sequences (-90 to +22) that constitute the non-endothelial-cell-specific core promoter region of the vwf gene. Results of gel mobility assays and deletion analyses demonstrated that a site in the vWf promoter other than the putative NF-kB binding site is involved in the mechanism of irradiation induction of the vWf. 0 1996 by The American Society of Hematology.
m o d~l i n ,~~ platelet-derived growth factor (PDGF), 24 and von Willebrand factor (vWf)" following irradiation have also been reported. The stimulated release of vWf has been recently shown to mediate elevated levels of platelet deposition, which may be a major cause of thrombus formation in patients undergoing irradiation therapy. 25 The expression of vWf is highly restricted to endothelial cells and megakaryocytes.26-28 vWf is a large adhesive glycoprotein, composed of multimers of approximately 250-Kd subunits, that mediates the interaction of platelets with damaged endothelial cell surfaces. It also acts as a carrier for factor VI11 in plasma, thus increasing its half-life in the c i r c u l a t i~n .~~~~~
The multimeric vWf protein is stored in organelles known as Weibel-Palade bodies in endothelial cells and a-granules in megakaryocyte^.^^ Biosynthesis and release of vWf into the circulation has been demonstrated to occur either through a constitutive pathway or a regulatory pathway that involves its release from storage organelle^.^'
A variety of inducers such as phorbol myristate acetate (PMA),33 calcium i~nophore,'~ steroid^,'^ interleukins,36 and TNF37 have been shown to stimulate vWf secretion from endothelial cells into the circ~lation.~' The increased secretion of vWf in response to most inducers occurs through a regulatory pathway that involves degranulation of the Weibel-Palade bodies3* However, there has been no report of an increase in vWf mRNA accumulation or transcription in response to any of these stimuli.
We have recently identified the promoter region of the vWf gene that regulates its endothelial-cell-specific expres-3802 JAHROUDI, ARDEKANI, AND GREENBERGER sion." An investigation of the mechanism of the irradiationinduced increase in vWf release provided an opportunity to study the molecular mechanism of the irradiation response of endothelial cells. We investigated whether irradiation activates vWf gene transcription. Our studies demonstrate that vWf mRNA accumulation increases in response to irradiation, and this occurs as the result of enhanced transcription. We also report that the core promoter region of the vWf gene confers irradiation inducibility to a heterologous reporter gene fused to this same region of the vWf promoter.
MATERIALS AND METHODS
Bovine aortic endothelial (BAE) cells and HeLa cells were prepared and maintained as previously described." Human umbilical vein endothelial cells were a gift of Dennis C. Lynch and were maintained as described previously.39 Cells were irradiated with a 6-MeV linear accelerator at a fixed dose rate of 2.4 Gylmin. Actinomycin D and cycloheximide treatment of the human umbilical vein endothelial cells was performed by supplementing the growth media with 5 pg/mL of actinomycin D or 25 pglmL of cycloheximide for 30 minutes before irradiation.
An enzyme immunoassay of vWf was performed using an enzyme-linked immunoadsorbent assay (ELISA) kit from Asserachrom vWf (Diagnostica Stago, Asnieres, France). Media (200 mL) was collected from 10-cm culture dishes of control and irradiated human umbilical vein endothelial cells. The collected media was diluted 1:2 with the dilution reagent provided by the kit and dnectly used in the ELISA assay according to the manufacturer's protocol. The level of the vWf protein was comparable to 1:2 dilution of the 100% standard provided in the kit.
Plasmid constructions, stable transfections and growth hormone assays. Plasmids containing various fragments of the vWf promoter region fused to a growth hormone structural gene were generated as previously described.ZR BAE cells were cotransfected with plasmid mixtures that contained the neomycin resistance gene under the control of the RSV promoter (2 pg), plasmid aSVHPBWP' containing a human ,&globin gene and promoter ( 5 pg), and various vWf-human growth hormone (HGH) plasmids (20 pg). Transfections were performed by the calcium phosphate coprecipitation
The precipitates were left on BAE cells for 6 hours and on HeLa cells for 16 hours. Following removal of calcium phosphate precipitates, cells were grown in complete media for 48 hours and then media was replaced with that containing 400 pglmL of the neomycin analogue drug, G4 18. Neomycin-resistant cell colonies were selected approximately 10 days after growth in G418-supplemented media. Colonies were transferred into 24-well culture dishes and assayed for expression of growth hormone using the transient growth hormone assay system (Allegro; Nichols Institute DiagnosCell culture.
Assay for vWf protein.
tics, San Juan, CA) as described by the manufacturer. Colonies that expressed growth hormone were grown in the continuous presence of G418 and then analyzed for the effect of irradiation on growth hormone expression.
Nuclei were isolated by the method of Schreiber et a14'. 42 Total RNA was isolated from the cells using the guanidinium isothiocyanate m e t h~d . "~.~~ Slot-blot analyses were performed using the slot-blot apparatus (Schleicher and Schuell) as described by the manufacturer. RNA samples (5 p g ) were immobilized on nitrocellulose and were hybridized to random primed labeled 8.8-kb EcoRI-SalI fragments of the vWf cDNA (gift of D.C. Lynch) (2 to 3 X IO6 cpm/mL of hybridization buffer containing 5 x SSC, 5X Denhardt's, 1% SDS, and 100 pglmL of salmon sperm DNA) and hybridized at 60°C for 12 to 16 hours. After hybridization, the filters were washed twice in 2X SSC/O.I% SDS and twice in 0 . 2~ SSC/O.l% SDS for 5 minutes each time and were autoradiographed by exposure to Kodak X-Omat films. The membrane was stripped of bound vWf probe by immersion in 0.1% SDS solution at 100°C for 5 minutes and then rehybridized to an actinspecific prohe under the same condition as that used for vWf probe.
Northem blot analyses were performed by electrophoresis of RNA samples (10 pg) on I% agarose gel containing 3% formaldehyde and Nuclear run-on assay.
RNA preparation and analysis. For personal use only. on October 27, 2017. by guest www.bloodjournal.org From transferred to nylon membrane in 5X SSC using capillary blotting ovemight. The RNA was immobilized on the membrane by baking at 80°C in a vacuum oven for 2 hours. Membranes were hybridized to a vWf-specific probe in hybridization buffer containing 30% formamide, 40 mmoln PIPES (piperazine-N,N'-bis[2-ethanesulfonic acid]), pH 6.4, 1 mmol/L EDTA, pH 8.0, and 0.4 mom NaCl at 42°C ovemight. Posthybridization washes were performed at 60°C in 2X SSC for 1 hour, and twice in 0.2X SSC for 15 minutes each time. After autoradiography, filters were stripped as described for slot-blot analysis and rehybridized to an actin-specific probe under the same conditions, except that formamide in hybridization buffer was increased to 50%.
RNase protection analyses were performed as previously described.2x Briefly, RNA samples ( 5 pg from human umbilical vein or 25 p g from transfected bovine endothelial cells) were hybridized to a single-stranded vWf-specific antisense RNA probe generated from the plasmid pFT2 linearized with KpnI restriction enzyme. This plasmid contained the fragment PvuII-EcoRI of the vWf gene spanning nucleotides +I55 to -2182 of the 5' region. Transcription from the linearized pPT2 plasmid was performed using T7 RNA polymerase as described by the manufacturer (Promega Biotec, Madison, WI). The antisense single-stranded vWf probe generated was complementary to the 155-bp untranslated region of the vWf mRNA. A single-stranded antisense RNA probe complementary to globin mRNA was generated from Eco RI digestion and SP6 RNA polymer- The reactions were incubated at room temperature for 10 minutes followed by 45 minutes at 43°C and a 5-minute denaturation at 99°C. The reactions were diluted to 100 pL and 5-pL aliquots (50 ng of input RNA) were amplified with primers complementary to the GAPDH RNA (Clontech, Palo Alto, CA). The 3' primer was labeled using polynucleotide kinase and "P-yATP (NEN, Boston, MA). The PCRs were performed in the presence of 200 mmollL dNTP, 1.5 mmol/L MgCI, and 2.5 U Taq DNA polymerase for 20 cycles with denaturation at 94°C for 30 seconds, annealing at 60°C for 30 seconds, and extension at 72°C for 60 seconds. The samples were analyzed by running on a 5% nondenaturing polyacrylamide gel for autoradiography.
Nuclear extracts from human umbilical vein endothelial cells were prepared by the method of Schreiber et al."' Double-stranded oligonucleotides corresponding to bases +65 to +95 of the vWf promoter that contained consensus sequences for the NF-kB binding, and double-stranded oligonucleotides conesponding to Ig and H2 NF-kB binding sites? were synthesized and labeled by 5' end-labeling using "P-yATP and polynucleotide kinase. The incubation of the labeled probes with nuclear extracts was as previously described," except that incubation reactions and polyacrylamide gel analyses were performed at room temperature.
Gel mobilia assays. An ELISA was performed on the media collected from these cells to determine the level of secreted vWf protein using a commercially available ELISA kit (Asserachrom vWF). The results of these analyses indicated that there was an approximately twofold increase in the level of secreted vWf protein in response to irradiation (Fig IA) . This increase was observed after 24 hours and was maintained at least up to 72 hours postirradiation. To determine whether the increase in the protein level was accompanied by an increase in levels of the vWf transcript, the RNA collected from the same control and irradiated cells at each time point was subjected to slot-blot analyses and hybridization to the 8.8-kb vWf cDNA. The level of actin mRNA expression was determined as a control for quantitation and RNA loading. The densitometer tracing of the vWf signal after correction for actin demonstrated that there was a continuous increase to at least a twofold increase in vWf mRNA accumulation in response to irradiation (Fig IB) . The increase in RNA level was observed at 4 hours after irradiation and was maintained up to 72 hours postirradiation. RNase protection experiments using the vWf-specific antisense RNA probe (complementary to the + 1 to + 155 sequences of exon 1) and densitometer tracing of the signals confirmed this increase in vWf mRNA accumulation and indicated that the level of specific vWf mRNA with transcription initiation from the correct start site was increased in response to irradiation (Fig IC and D) . These results indicated that increased vWf expression in response to irradiation involved regulation at the RNA level.
RESULTS

Irradiation results in increased v
Increased accumulation of v Wf mRNA in response to ionizing irradiation is independent of de novo protein synthesis. To determine whether the observed increase in vWf mRNA accumulation in response to irradiation required de novo protein synthesis, human umbilical vein endothelial cells were next grown in the presence of the protein synthesis inhibitor cycloheximide (25 pg/mL of media) for 30 minutes before irradiation. RNA was collected from the cycloheximide-treated control and irradiated cells 4 hours post-irradiation and analyzed by slot blot with hybridization to the vWf probe used in Fig 1B. Blots were stripped and rehybridized to the actin probe as a control. The results shown in Fig 2  indicated that the irradiation-induced increase in vWf mRNA accumulation in control untreated cells (Fig 2A) was also detected in cells treated with cycloheximide (Fig 2B) . The data establish that de novo protein synthesis was not required for increased accumulation of vWf mRNA in response to irradiation.
Irradiation results in an increased rate of v Wf gene transcription. The previous data demonstrated that irradiation increased vWf mRNA accumulation; however, this could have been attributable to increased vWf mRNA stability in irradiated cells andor to an increase in the rate of vWf gene transcription. To determine whether the irradiation-induced vWf mRNA accumulation was dependent on transcription. human umbilical vein endothelial cells were grown in the presence of the transcription inhibitor actinomycin D (5 pg/ mL of media) for 30 minutes before irradiation and RNA was collected from control or actinomycin D-treated cells 4 hours after irradiation. Slot-blot analysis was performed as described earlier. The results (Fig 3) indicated that inhibition of transcription abolished the increased vWf mRNA that was detectable after irradiation.
This result suggested that the effect of irradiation on vWf mRNA was mediated at the transcriptional level. Nuclear run-on experiments were next performed to investigate directly the effect of irradiation on vWf gene transcription. Nuclei were isolated from control or 20-Cy irradiated cells 4 hours postirradiation. and radioactively labeled newly synthesized RNA transcripts were hybridized to cDNA corresponding to vWf, actin and P-globin genes. There was no detectable hybridization to globin cDNA. indicating the specificity of the hybridization (Fig 4) . Densitometer tracing of the vWf signal and normalization to actin indicated that there was a twofold increase in the rate of the vWf gene transcription in response to irradiation (Fig 4) .
Increased transcriptional activity suggested that the vWf promoter may have been directly induced in response to irradiation. To determine the effect of irradiation on the vWf promoter, we transfected BAE cells with chimeric plasmids that contained a human growth hormone gene under the control of the vWf promoter. BAE cells were used for trans- fection studies, since these cells were easier to transfect than human endothelial cells.
Irrcrdintian o f BA E cells resirlts in nn incrensed occirinirlntion o f N v W f inRNA tronscript. We first determined whether the level of endogenous vWf mRNA in bovine endothelial cells was also increased in response to irradiation. RAE cells were next exposed to 20 Gy of irradiation and RNA samples that were collected after 4 hours from control and irradiated cells were analyzed by Northern blot and hybridized to the 8.8-kb vWf cDNA probe. The results of these analyses indicated that the level of vWf mRNA was increased after irradiation (Fig 5) . The level of vWf transcript in control BAE cells was too low to be detected by Northern blot analysis. Slot-blot analysis of the RNA from lower passages of BAE cells (passages 1 to 3) confirmed that the cells did express vWf (data not shown). A recent comparative analysis by Liaw and Shwartz" demonstrated a high level of vWf mRNA in freshly scraped bovine endothelial cells, but no detectable vWf mRNA in passaged cells. The level of vWf expression in primary bovine endothelial cell cultures in our studies was also dramatically reduced with increasing passage. Therefore, the undetectable vWf mRNA in nonirradiated cells in This region spans sequences from -487 to +246 (transcription start site being + I ) and was shown to include a nonendothelial-specific core promoter (including sequences -90 to +22). a repressor located further upstream (located within sequences -312 to -487), and a positive regulatory region located downstream of the core promoter in the first exon (including sequences +IS5 to +246) that was required to activate the promoter in an endothelial-cell-specific manner.2x
To determine whether the activity of the vWf promoter was enhanced in response to irradiation, BAE cells were stably transfected with a mixture of chimeric plasmid HGH-K in which the human growth hormone structural gene was fused to the endothelial-specific vWf promoter region (spanning nucleotides -487 to +246) and a plasmid containing the neomycin-resistance gene. Cells were grown in presence of G418 and colonies selected were assayed for the expression of growth hormone. Selected colonies had varying levels of growth hormone expression that may have been attributable to different sites of plasmid integration into the genome (Fig 6) . Three colonies (KA3, KAS, and KD4) were analyzed for response to irradiation. and similar results were obtained for each colony. The levels of growth hormone expression from transfected cell colonies were determined (by measuring the level of the secreted growth hormone in the media using a radioimmunoassay) at 0, 24, 48, and 72 hours after exposure to 20 Cy of irradiation and compared with that of nonirradiated cells at each of the four time points (Fig 6) . The results indicated that from 24 to 72 hours, there was an approximately twofold increase in the activity of the endothelial-cell-specific region of the vWf promoter in are shown by the arrow.
response to irradiation. Fig 7A) . These cells were also cotransfected with control plasmid 7rSVHPWT that contained the P-globin gene and its promoter, and an SV40 enhancer. Irradiation and growth hormone analyses were performed as described earlier for plasmid HGH-K. The results of these analyses indicated that growth hormone expression from each plasmid (HGH-1 K and HGH-1) was increased approximately twofold in response to irradiation (only shown for three colonies, 1A1, 1A3, and 1A5 of HGH-1-transfected cells in Fig 7B) . The average fold induction among three colonies at each time point is shown in Fig 7C. Thus, the vWf core promoter (the region spanning -90 to + 155) contained the necessary sequences to increase vWf promoter activity in response to irradiation.
To determine whether the irradiation-induced increase in growth hormone expression from plasmid HGH-1 was paralleled by an increase in the level of transcript from this plasmid, we performed RNase protection analysis. Total RNA was isolated from control and irradiated cells from colony 1A3, 24 hours postirradiation. These RNA samples were hybridized to a vWf-specific antisense RNA probe that was complementary to the first exon of the vWf gene. The transcript from the HGH-I plasmid was a chimeric mRNA that contained 155 bases of the first exon of the vWf gene, which was part of its 5' untranslated region (the entire first exon that contains 250 nucleotides is untranslated). As previously shown,28 the protection of a 180-bp fragment of the antisense vWf probe was expected to occur when transcription initiated from the correct site in plasmid HGH-I (same site as that of the endogenous vWf gene).
The results of these analyses are shown in Fig 7D. The data indicated that there was an increase in the level of the transgene transcript from plasmid HGH-I that was consistent with increased growth hormone secretion. In contrast, there was no irradiation-induced increase in the globin mRNA level from the cotransfected pSVHbWT plasmid, indicating that the irradiation-induced increased transcription of the vWf promoter was specific. Brach et a19 also used growth hormone to study the effect of irradiation on the activation of the IL-6 promoter and demonstrated that sequences within the growth hormone structural gene or the plasmid vector were not responsible for mediating the induction in response to irradiation. Thus, the core promoter region of the vWf gene conferred irradiation inducibility to a fused heterologous growth hormone gene in bovine endothelial cells.
We have previously demonstrated that the -90 to + 15.5 sequences of the vWf promoter do not mediate endothelialcell-specific expression. This region has been shown to activate the expression of heterologous genes in nonendothelial cells, as well as endothelial cells.'* To investigate whether irradiation-induced activation of the vWf core promoter was restricted to endothelial cells or could also occur in nonendothelia1 cells, we performed analyses of the vWf core promoter activity in transfected HeLa cells. Plasmid HGH-1 was stably transfected into HeLa cells, and colonies that expressed growth hormone were analyzed for their response to irradiation. The results of these analyses for two colonies indicated that the activity of the core promoter was increased in response to irradiation in HeLa cells. as well as endothelial cells (Fig 8) . The data establish that the molecular mechanism of irradiation induction of the vWf promoter is not endothelial-specific.
A number of transcription factors, including c-jun, p.53. and NF-kB that are expressed in many cell types have been shown to mediate the irradiation induction of target genes.'.'' Sequence analysis of the core promoter region of the vWf indicated the presence of a putative NF-kB-binding site at position +80. To determine whether irradiation resulted in binding of N F k B to this site, gel mobility experiments were next performed. Nuclear extracts were isolated from control and irradiated human umbilical vein endothelial cells I hour after irradiation and incubated with radioactively labeled double-stranded oligonucleotides containing either the putative NF-kB-binding site of the vWf promoter (vWf-kB): that of the immunoglobulin K light chain (IgkB) or the major histocompatibility class 1 (H2kB) as positive controls."' Both IgkB and H2kB oligonucleotides formed specific complexes with nuclear extracts (Fig 9) . In contrast, no such complex was formed with an oligonucleotide (vWf-kB) containing the vWf putative NF-kB-binding site (Fig 9) . We repeated the previous experiments with varying amounts of nuclear extract (ranging from 5 to 30 pg) prepared from cells at various times after irradiation (including 1 , 2, and 4 hours) and no binding was observed in any of these conditions tested. The results indicated that, although nuclear extracts prepared from endothelial cells contained NF-kB complexes that could interact with their cognate-binding sites in previously identified promoters including IgkB, no such complexes were formed with the vWf fragment containing the NF-kB-binding site.
To confirm that the NF-kB region of the vWf promoter was not involved in irradiation activation, we performed transfection experiments with a plasmid (HGH-I E) that contained sequences spanning -90 to +22, with the putative NF-kB-binding site removed. Stable transfection of this plasmid into BAE cells, selection of colonies that expressed growth hormone, and analysis of the growth hormone expression in response to irradiation were performed out as described for the aforementioned plasmids. The results, shown in Fig IO, demonstrated that irradiation induced a level of growth hormone expression from this plasmid comparable to that induced by a plasmid (HGH-I) containing the NF-kB site. Thus, removal of the fragment containing the putative NF-kB-binding site did not abolish the irradiationinduced activation of the vWf promoter. The data also indicated that sequences spanning nucleotides -90 to +22 of the core promoter contain the necessary elements for irradiation activation.
DISCUSSION
Ionizing irradiation of endothelial cells is considered to be a major cause of thrombus formation in patients undergoing radiation therapy. This effect was demonstrated to be attributable in part to increased vWf production that mediates the increased platelet adhesion, leading to occlusion.*' vWf protein expression was originally reported by Spom et al*' to occur maximally in response to a 20-Gy dose of irradiation. The original report2' also indicated that there was a large variation in release of vWf from endothelial cells in response to irradiation. This variation was suggested to be partly due to different origins and physiologic states of the human umbilical cord endothelial cells that were used. We were interested in determining the mechanism by which irradiation activates increased vWf release. Our initial timecourse experiments were performed with cells from two umbilical cords and demonstrated similar increases in protein and RNA level in both strains in response to irradiation. To obtain large enough numbers of the cells to perform our studies, the cells were passaged for more than four generations. vWf expression is known to decrease as cells are passed in c~lture.'~ Recent studies by Collins et al" showed that treatment of endothelial cells with trypsin used in cell passaging activates the release of stored vWf from WeibelPalade bodies. The data suggested that continuous passaging that involves trypsinization may activate biosynthesis of vWf protein to replenish the storage organelles, but that this event becomes less efficient with increased passage number, resulting in decreased vWf expression in later passages. Unlike most other agents that increase vWf secretion through regulatory pathways that activate degranulation of Weibel-Palade bodies, there was no indication of Weibel-Palade body depletion in irradiated endothelial cells.*' These observations raised the possibility that irradiation may have resulted in an increase in vWf expression at the transcriptional level.
In the present report, we have shown that an increase in vWf mRNA accumulation occurs in response to irradiation with both human umbilical vein and BAE cells. The increase in mRNA accumulation in human cells was independent of de novo protein synthesis and was accompanied by an increase in the rate of vWf gene transcription; however, additional regulation at the posttranscriptional, translational, or secretory level of the vWf protein cannot be excluded.
Cells respond to irradiation by activating genes that regulate the cell growth cycle and repair irradiation damage.'.'* The mechanism of activation involves increased transcription and/or mRNA stability, as well as posttranslational modification?" Transcriptional activation results from either increased expression of specific transcription factors such as egr-1 ,I4 or modification of preexisting transcription factors such as NF-kB," through signal transduction mechanisms that involve protein kinases?.'* The increased binding of a number of transcription factors to their cis-acting elements, including SPI, CREB, XRE, and NF-kB, has been demonstrated?' For IL-6, correlation of increased NF-kB binding to irradiation-induced transcription of the gene is well established.' Irradiation results in dissociation of NF-kl3 from the inhibitory IkB in the cytoplasm and translocation of NF-kE3 into the nucleus is known to occur. Here it can interact with its cognate &-acting element on the promoter of responsive genes? Although we identified sequences on the vWf promoter with homology to a consensus NF-kE3-binding site, this element did not appear to be involved in the mechanism of irradiation induction of the vWf promoter.
Delineation of the irradiation-inducible region of the vWf promoter to 112 bp spanning position -90 to +22 has provided the means to investigate further the mechanism of It is most likely that those extended fragments also need to include the core promoter region for function and will also be irradiation-inducible.
Our analysis of the molecular mechanism of vWf gene activation in response to irradiation may b e valuable for investigation of the events that occur during primary endothelial cell senescence. The level of vWf expression in primary bovine endothelial cell cultures was dramatically reduced with increasing passage. The undetectable vWf mRNA level in nonirradiated cells was partly due to lower levels of vWf in bovine endothelial cells compared with that of human umbilical vein endothelial cells and partly due to the increased 8-to-12 cell passage. The significant increase in vWf mRNA level in irradiated bovine endothelial cells suggested that irradiation may activate quiescent vWf gene expression after prolonged cell passages. Determining the molecular mechanism of irradiation induction of the vWf gene and identifying the transcription factors involved may provide insight into the changes in the level or activity of transcription or signal transduction factors that occur during cellular senescence.
